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1
GERMANIUM OXIDE PRE-CLEAN MODULE
AND PROCESS

BACKGROUND

1. Field

The present invention relates to the fabrication of inte-
grated circuits, particularly to methods and apparatuses for
pre-cleaning a substrate surface.

2. Description of the Related Art

Fabrication of integrated circuits often can involve for-
mation of one or more material layers on a substrate surface.
These material layers can include, for example, mono-
crystalline, polycrystalline, and/or amorphous material lay-
ers. Formation of the material layers can be achieved using
various thin film deposition techniques, including various
physical (e.g., physical sputtering) and/or chemical (e.g.,
chemical vapor deposition, atomic layer deposition, and/or
epitaxial deposition) deposition techniques. For example,
mono-crystalline material formation on a substrate surface
can be performed using an epitaxial deposition process, such
as for formation of mono-crystalline semiconductor mate-
rials (e.g., mono-crystalline silicon).

The presence of an intervening material (e.g., a native
oxide layer, such as an oxide material layer comprising
silicon and germanium on a silicon-germanium substrate) on
the substrate surface may interfere with formation of a
desired material layer over that substrate surface. For
example, the intervening material may cause introduction of
an increased number of defects in the structure of the desired
material layer and/or may adversely affect an electrical
performance of the desired material layer. In some embodi-
ments, an intervening material such as a native oxide mate-
rial may form on a substrate surface due to exposure of the
substrate to oxygen during the integrated circuit fabrication
process (e.g., exposure to ambient air during transfer of the
substrate between fabrication systems, and/or to residual
oxidizing agents within fabrication systems).

Accordingly, there is a continuing need for processes for
forming high quality layers on a substrate surface.

SUMMARY

A method for integrated circuit fabrication can include
removing oxide material from a surface of a substrate, where
the surface includes silicon and germanium. Removing the
oxide material can include depositing a halogen-containing
pre-clean material on the surface, and sublimating a portion
of the halogen-containing pre-clean material to expose the
silicon on the surface. A passivation material can be depos-
ited on the exposed silicon. The passivation material com-
prises chlorine in some embodiments.

A method for integrated circuit fabrication can include
removing an oxide material from a surface of a substrate,
where the substrate includes silicon and germanium.
Removing the oxide material can include depositing a
chlorine-containing passivation material on the surface of
the substrate, and sublimating the chlorine-containing pas-
sivation material substantially without etching the substrate.

A method for integrated circuit fabrication can include
removing a germanium-containing oxide material from a
surface of a substrate, where the substrate includes germa-
nium. Removing the germanium-containing oxide material
can include forming a halogen and germanium-containing
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pre-clean material from the germanium-containing oxide
material and sublimating the halogen and germanium-con-
taining pre-clean material.

BRIEF DESCRIPTION OF THE DRAWINGS

Various features, aspects, and advantages of the present
disclosure are described with reference to the drawings of
certain embodiments, which are intended to illustrate certain
embodiments and not to limit the invention.

FIG. 1 shows an example of a substrate surface pre-clean
process.

FIG. 2 shows an example of an apparatus configured to
perform a substrate surface pre-clean process.

FIG. 3 shows interfacial oxygen content of substrates
exposed to different substrate surface pre-clean processes.

FIG. 4 shows surface roughness of substrates exposed to
different substrate surface pre-clean processes.

DETAILED DESCRIPTION

Various embodiments are described herein in relation to a
pre-cleaning process for removing oxide material from an
exposed surface of a substrate. It will be understood that the
resulting pre-cleaned surface can provide a surface that
facilitates the later formation of high quality layers of
materials, such as the epitaxial growth of silicon.

In some embodiments, a substrate pre-clean process is
configured to remove an oxide material from the surface of
a substrate comprising germanium, including substrate sur-
faces comprising germanium or both silicon and germa-
nium. In some embodiments, the substrate surface can
comprise both silicon and germanium at any molar ratio
(e.g., Si, ,Ge,, where x greater than 0 and less than 1). For
example, the process may remove a native oxide material
from a silicon-germanium substrate. The pre-clean process
can include depositing a pre-clean material on the substrate
surface and subsequently volatizing the pre-clean material,
thereby removing the oxide material from the substrate
surface. Removing the pre-clean material can include
removing part or all of the pre-clean material from the
substrate. Without being limited by any particular theory or
mode of operation, it is believed that, to form the pre-clean
material, reactant species flowed into the reaction chamber
during the pre-clean process may chemically interact with
the oxide material on the substrate surface. In some embodi-
ments, the pre-clean material may comprise one or more
components generated from chemical reactions between the
reactant species and a substrate surface oxide material
and/or chemical reactions between the reactant species
themselves. For example, a reactant gas for forming a
pre-clean material may comprise a halogen such that the
halogen-containing reactant gas chemically reacts with the
substrate surface oxide (e.g., silicon oxide and germanium
oxide) to form pre-clean material with some portions com-
prising halogen and silicon, and other portions comprising
halogen and germanium. The formation and subsequent
removal of the pre-clean material causes the removal of
surface oxide, thereby leaving a high quality oxide-free
surface on at least some portions of the substrate.

In some embodiments, different portions of the pre-clean
material may be removed at different times. For example,
without being limited by any particular theory or mode of
operation, the pre-clean material may comprise components
which volatize at different temperatures, resulting in a first
portion of the pre-clean material being sublimated from the
substrate surface prior to the sublimation of a second dif-
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ferent portion. For example, the portion of the pre-clean
material comprising halogen and silicon may have a lower
sublimation temperature than the portion of the pre-clean
material comprising halogen and germanium, resulting in
volatizing of the halogen and silicon-containing portion
prior to volatizing of the halogen and germanium-containing
portion as the temperature of the substrate is increased.

Again, without being limited by any particular theory or
mode of operation, sublimation of the halogen and silicon-
containing portion may leave silicon on the substrate surface
exposed. It is believed that a subsequent sublimation of the
halogen and germanium-containing portion may cause con-
tamination and/or re-oxidation of the exposed silicon. In
some embodiments, a passivation film, e.g., a chlorine-
containing passivation film, can be formed on the exposed
silicon, so that, during sublimation of the halogen and
germanium-containing pre-clean material, the passivation
film provides a protective barrier for the silicon. Advanta-
geously, this may provide a silicon surface that is not or is
substantially not contaminated and/or re-oxidized after the
sublimation of the halogen and germanium-containing pre-
clean material.

The passivation film, e.g., the chlorine-containing passi-
vation film, may be formed by exposing the substrate to a
passivation film reactant gas, e.g., a chlorine-containing gas.
For example, chlorine-containing gas may be flowed into the
reaction chamber during the pre-clean process to form the
chlorine-containing passivation film. In some embodiments,
the passivation film may be formed by exposing the sub-
strate to a passivation film reactant gas comprising one or
more halogens other than chlorine (e.g., fluorine, bromine,
and/or iodine), such as to form a fluorine, bromine and/or
iodine-containing passivation film. In some embodiments,
the passivation film may be formed by exposing the sub-
strate to a passivation film reactant gas comprising a chlo-
rine-containing component and one or more components
comprising a halogen other than chlorine.

In some embodiments, the passivation film is formed
before sublimation of the halogen and germanium-contain-
ing portion. For example, the substrate may be exposed to
precursor for the passivation film before that sublimation. In
some embodiments, the flow of passivation film precursor
may continue from the sublimation of the lower sublimation
temperature portion until the completion of the sublimation
of the higher sublimation temperature portion. It will be
appreciated that the temperature of the substrate may be
ramped up between sublimation of the silicon-containing
pre-clean material and sublimation of the germanium-con-
taining pre-clean material. In some embodiments, the pas-
sivation film is formed before the substrate temperature
reaches the sublimation temperature of the germanium-
containing pre-clean material. The passivation film and the
germanium-containing pre-clean material may be subse-
quently removed to provide a pre-cleaned substrate surface.
In some embodiments, the passivation film can be removed
during a process for sublimating the germanium-containing
pre-clean material. For example, the substrate may be heated
to a temperature for sublimating the germanium-containing
pre-clean material, where such heating removes the germa-
nium-containing pre-clean material and the passivation film.

In some embodiments, a target material can be deposited
on the pre-cleaned substrate surface, including for example
a conductive material. The conductive material can include,
without limitation, a semiconductor-containing material
(e.g., a silicon-containing material), a metal-containing
material, or combinations thereof. For example, the target
material may comprise mono-crystalline silicon. As used
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herein, a target material is a material deposited directly in
contact with the pre-cleaned substrate surface. In some
embodiments, the substrate, from which the oxide material
is removed, may be patterned (e.g., have a pattern of
recesses such as trenches on its surface). In some embodi-
ments, the substrate may include exposed electronic devices
(e.g., transistor structures).

In some embodiments, the pre-clean process can include
a plurality of cycles, where each cycle can include forming
a pre-clean material, removing a first portion of the pre-clean
material, forming the passivation film, and removing a
second portion of the pre-clean material. A pre-clean process
including more than one cycle may advantageously demon-
strate exceptionally high selectivity. For example, as com-
pared to selectivity performance of a single cycle of the
pre-clean process, a second cycle and/or other subsequent
additional cycles of the pre-clean process can demonstrate
significantly higher selective removal of oxide from the
substrate surface relative to removal of another material,
such as silicon nitride, from the substrate surface. In some
embodiments, a pre-clean process including a plurality of
cycles may facilitate desired removal of a surface oxide
material while maintaining a desirably low number of
defects, including undesired clogging and/or over-etching of
one or more features on the substrate surface.

In some embodiments, the pre-clean process can be
performed in situ in a single reaction chamber. For example,
depositing the pre-clean material, volatizing the pre-clean
material, depositing the passivation film, and removing the
passivation film may be performed in the same reaction
chamber. Advantageously, performing the pre-clean process
in a single reaction chamber may facilitate increased
throughput and reduce contamination due to the transport of
the substrate.

In some other embodiments, the pre-clean material can be
formed in a reaction chamber different from that in which
the pre-clean material is subsequently removed from the
substrate. For example, the pre-clean material can be formed
in a first reaction chamber and subsequently transferred to a
second reaction chamber where the pre-clean material is
removed, thereby providing a pre-cleaned substrate surface.
In some embodiments, the passivation film is formed in the
second reaction chamber. For example, sublimation of the
pre-clean material may be performed in the second reaction
chamber. In some embodiments, the pre-clean material may
be partially removed in the first reaction chamber. For
example, a first portion of the pre-clean material may be
removed in the first reaction chamber, and a passivation film
may be formed on the substrate surface in the first reaction
chamber. In some embodiments, the second reaction cham-
ber may be a chamber in which the target material can be
formed on the pre-cleaned substrate surface. In some
embodiments, the second reaction chamber can be an epi-
taxial deposition chamber and the target material can be an
epitaxial silicon layer (e.g., mono-crystalline silicon).

Removal of the pre-clean material in the same reaction
chamber in which a target material is subsequently formed
on the substrate may advantageously provide a high quality
surface for the later deposition of the target material. For
example, the pre-clean material may provide a protective
layer over the substrate surface, reducing and/or preventing
additional oxidation from occurring on the substrate surface
during transport of the substrate to the reaction chamber for
the target material deposition. In some embodiments,
removal of the pre-clean material in the same reaction
chamber in which the target material is subsequently formed
may facilitate deposition of a target material having a
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reduced defect count and/or improved electrical perfor-
mance. In some embodiments, removal of the pre-clean
material in the same reaction chamber in which the target
material is subsequently formed may facilitate transport of
the substrate outside of a vacuum environment subsequent to
the pre-clean process, and/or use of reaction chambers not
vacuum coupled to one another (e.g., use of reaction cham-
bers not coupled to one another through various gating
valves, such as reaction chambers in a cluster tool).

Referring to FIG. 1 an example process 100 for pre-
cleaning a substrate surface is shown. In block 102, a
substrate having an oxide material on a substrate surface is
provided, where the surface can include silicon and germa-
nium. In some embodiments, the oxide material includes
silicon oxide and germanium oxide. In block 104, pre-clean
material, such as a material containing a halogen, can be
formed on the substrate surface. In some embodiments, the
halogen-containing pre-clean material can be formed by
exposing the oxide material to a pre-clean material reactant
gas. It will be appreciated that the composition of the
halogen-containing pre-clean material may vary in different
areas of the substrate. For example, the halogen-containing
pre-clean material may comprise a portion comprising halo-
gen and silicon, in areas that previously contained silicon
oxide, and a portion comprising halogen and germanium, in
areas that previously contained germanium oxide. In block
106, a portion of the halogen-containing pre-clean material
can be sublimated to expose the silicon on the surface of the
substrate. In some embodiments, the halogen and silicon-
containing material has a lower sublimation temperature
than the halogen and germanium-containing material. As a
result, sublimating the portion of the pre-clean material at
block 106 may comprise sublimating halogen and silicon-
containing material to remove silicon and oxygen-contain-
ing species from the surface, thereby exposing silicon on the
substrate surface. In block 108, a passivation material can be
formed on the exposed silicon. For example, a chlorine-
containing passivation film can form a protective barrier
over the exposed silicon. In block 110, a remaining portion
of the halogen-containing pre-clean material can be subli-
mated. The halogen and germanium-containing pre-clean
material may have a higher sublimation temperature than the
halogen and silicon-containing pre-clean material, and sub-
limating the remaining portion of the halogen-containing
pre-clean material can remove the halogen and germanium-
containing pre-clean material from the surface. In some
embodiments, the passivation film can be removed from the
substrate during sublimation of the remaining portion of the
halogen-containing pre-clean material. For example, the
passivation film may be removed during heating the sub-
strate for sublimating the remaining portion of the pre-clean
material.

In some embodiments, a reaction chamber pressure can be
about 1 millitorr to about 50 torr during the pre-clean
process 100. In some embodiments, the reaction chamber
pressure can be about 1 millitorr to about 30 torr, including
about 1 millitorr to about 20 torr. Preferably, the chamber
pressure is about 1 millitorr to about 5 Torr, and more
preferably from about 1 millitorr to about 1 Torr.

In some embodiments, the substrate surface may com-
prise a silicon nitride material (e.g., a silicon nitride material
used in formation of various electronic devices on the
substrate surface, including spacer features for the electronic
devices) and an oxide material (e.g., oxide material com-
prising silicon and germanium) which is to be removed by
the pre-clean process. In some embodiments, the oxide
material can be selectively removed relative to the silicon
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nitride material on the substrate surface at a selectivity of
greater than about 7:1. In some embodiments, the selectivity
of a pre-clean process for removing the oxide relative to
silicon nitride can be about 6:1 to about 150:1. For example,
the selectivity can be about 6:1 to about 60:1, or about 7:1
to about 20:1, including about 7:1 to about 15:1, or about 8:1
to about 15:1, or about 8:1 to about 12:1.

As shown in FIG. 1, the pre-clean process 100 may
include a plurality of cycles 112112. A cycle 112112 of the
pre-clean process may include blocks 104, 106, 108, and
110. For example, the pre-clean process 100 may include a
repetition of blocks 104, 106, 108, and 110 for a desired
number of times to achieve desired oxide removal from the
substrate surface. In some embodiments, each cycle 112112
removes only a portion of the oxide material, with the
plurality of cycles configured to remove a desired amount
(e.g., substantially all) of the oxide material.

With continued reference to FIG. 1, depositing the pre-
clean material, such as a halogen-containing pre-clean mate-
rial, on the substrate surface (e.g., block 104 of FIG. 1) can
comprise exposing the substrate surface to the pre-clean
material reactant gas. The composition of the pre-clean
material reactant gas can include one or more carrier gases.
A suitable carrier gas can include any number of inert gases.
In some embodiments, the carrier gas can comprise argon
(Ar). In some embodiments, the pre-clean material reactant
gas can also include a halogen-containing gas. For example,
the halogen-containing gas can be a fluorine-containing gas.
Suitable fluorine-containing gases can include without limi-
tation, nitrogen trifluoride (NF,), hydrogen fluoride (HF),
and/or diatomic fluorine (F,). In some embodiments, the
pre-clean material reactant gas can also include a hydrogen-
containing gas. A suitable hydrogen-containing gas can
include, for example, ammonia (NH;).

As described herein, without being limited by any par-
ticular theory or mode of operation, the pre-clean material
can comprise one or more components formed by reaction of
the pre-clean material reactant gas and a substrate surface
oxide material, including an oxide material comprising
silicon and germanium. For example, a pre-clean material
reactant gas comprising ammonia, and one or more fluorine-
containing compounds is believed to chemically react with
the oxide to generate water vapor, and a pre-clean material
comprising nitrogen, hydrogen, germanium and silicon. In
some embodiments, ammonia and nitrogen trifluoride,
hydrogen fluoride, and/or fluorine can react with the oxide
to provide a pre-clean material comprising ammonium
hexafluorosilicate (NH,),SiFs) and ammonium hexafluo-
rogermanate ((NH,),GeFj).

Without being limited by any particular theory or mode of
operation, it is believed that ammonium fluoride (NH,F)
may be formed when a fluorine (F) atom from a halogen-
containing constituent of the reactant gas (e.g., NF;, HF,
and/or F,) reacts with ammonia (NH;) to form hydrogen
fluoride (HF), which can combine with ammonia (NH;) to
form ammonium fluoride (NH,F). In some embodiments,
ammonium fluoride can remove the oxide material by
decomposing and reacting with the oxide to form silicon
tetrafluoride (SiF,), germanium tetrafluoride (GeF,), and
water vapor (H,0), and the silicon tetrafluoride (SiF,) and
germanium tetrafluoride (GeF,) can combine with NH,F to
form ammonium hexafluorosilicate ((NH,),SiF,) and
ammonium hexafluorogermanate (NH,),GeF ), the ammo-
nium hexafluorosilicate ((NH,),SiF;) and ammonium
hexafluorogermanate (NH,),GeF ) forming a film layer on
the substrate surface. For example, the electronegative fluo-
rine (F) of ammonium fluoride can be attracted to the
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relatively more electropositive silicon (Si) and germanium
(Ge) of the oxide material, while ammonium (NH,*) can be
attracted to oxygen (O) of the oxide material.

In some embodiments, the substrate can be maintained at
a desired temperature during formation of the pre-clean
material, including for example while the substrate surface
is exposed to a pre-clean material reactant gas of the
pre-clean process. In some embodiments, the substrate may
be maintained at a temperature above a condensation tem-
perature of the pre-clean material reactant gas during for-
mation of the pre-clean material. For example, the substrate
can be maintained at a temperature of greater than about 15°
C., or greater than about 20° C. in some embodiments. In
some embodiments, the substrate can be maintained at a
temperature of about 15° C. to about 50° C., including about
15° C. to about 30° C., about 22° C. to about 28° C., and
about 25° C. to about 30° C. For example, the substrate can
be maintained at a temperature of about 18° C. to about 28°
C., which can facilitate a high selectivity for the removal of
the oxide relative to silicon nitride material on substrate
surface.

One or more constituents of the pre-clean material reac-
tant gas may be activated by a plasma source. For example,
one or more constituents of the reactant gas may be activated
by a remote plasma source (e.g., a remote plasma unit, or
RPU), such as by flowing the one or more constituents
through the remote plasma generator to generate one or
more activated reactant species (e.g., generate charged ions,
and/or neutral atoms and/or radicals) before flowing those
species into the reaction chamber. In some embodiments, at
least one of the constituents of the pre-clean material reac-
tant gas is not activated by a plasma generator.

In some embodiments, the substrate surface pre-clean
process 100 can include a carrier gas (e.g., argon), halogen-
containing gas, and/or hydrogen-containing gas (e.g., to
provide reactant species comprising argon-containing, halo-
gen-containing, and/or hydrogen-containing charged ions,
atoms, and/or radicals), at least one of which is plasma-
activated. For example, a reactant gas comprising argon (Ar)
may be activated by a remote plasma source, such as by
flowing the argon gas through a remote plasma unit. In some
embodiments, a fluorine-containing gas can be activated by
being flowed through the remote plasma unit prior to being
introduced into a reaction chamber. In some embodiments,
the hydrogen-containing gas (e.g., ammonia) can be acti-
vated by flowing the hydrogen-containing gas through a
remote plasma generator, also referred to as a remote plasma
source herein.

In some embodiments, one or more of the carrier gas,
halogen-containing gas, and hydrogen-containing gas may
not be plasma-activated. For example, unactivated reactant
gas may not flow through a remote plasma source before the
substrate surface is exposed to it in the reaction chamber. In
some embodiments, the carrier gas can be activated by a
remote plasma generator source while the halogen-contain-
ing gas and the hydrogen-containing gas may not be acti-
vated by a remote plasma generator source. For example, a
fluorine containing gas and a hydrogen containing gas can
be introduced into the reaction chamber without flowing the
gases through a plasma source. In some embodiments, all
constituents of the pre-clean material reactant gases are
activated by a remote plasma source, including for example
the carrier gas, the halogen-containing gas, and the hydro-
gen-containing gas.

In some embodiments, unactivated pre-clean material
reactant gas can be combined with one or more pre-clean
material reactant gases activated by a plasma source before
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being introduced into the reaction chamber. For example,
unactivated reactant gas can be combined with reactant gas
activated by a remote plasma source downstream of the
remote plasma source prior to being introduced into the
reaction chamber. In some embodiments, constituents of a
reactant gas can be sequentially introduced into the reaction
chamber. For example, the substrate may be first exposed to
one or more activated constituents of the reactant gas,
followed by one or more unactivated constituents of the
reactant gas, or vice versa. In some embodiments, activated
constituents and/or unactivated constituents of the reactant
gas may themselves be sequentially introduced into the
reaction chamber (e.g., a first activated constituent of the
reactant gas, followed by a second activated constituent of
the reactant gas).

In some embodiments, a carrier gas (e.g., argon) activated
by a remote plasma source can be combined with an
unactivated halogen-containing gas (e.g., hydrogen fluoride,
diatomic fluorine, and/or nitrogen trifluoride) and unacti-
vated hydrogen-containing gas (e.g., ammonia) at a location
downstream of the remote plasma source, before the acti-
vated carrier gas and unactivated halogen-containing gas
and unactivated hydrogen-containing gas are introduced into
a reaction chamber. In some embodiments, a carrier gas
(e.g., argon) and a halogen-containing gas (e.g., hydrogen
fluoride, diatomic fluorine, and/or nitrogen trifluoride) are
combined and activated by a remote plasma source, then
combined with an unactivated hydrogen-containing gas
(e.g., ammonia) at a location downstream of the remote
plasma source before the activated carrier gas, the activated
halogen-containing gas, and the unactivated hydrogen-con-
taining gas are introduced into a reaction chamber. In some
embodiments, a carrier gas (e.g., argon), a halogen-contain-
ing gas (e.g., hydrogen fluoride, diatomic fluorine, and/or
nitrogen trifluoride) and a hydrogen-containing gas (e.g.,
ammonia), are all activated by a remote plasma source. For
example, the carrier gas, the halogen-containing gas and the
hydrogen-containing gas may be combined prior to flowing
the gases through the remote plasma source.

In some embodiments, formation of a pre-clean material
can include first introducing into a reaction chamber a
combination of a carrier gas (e.g., argon) and a halogen-
containing gas (e.g., hydrogen fluoride, diatomic fluorine,
and/or nitrogen trifluoride) activated by a remote plasma
source, followed by a combination of unactivated halogen-
containing gas (e.g., hydrogen fluoride) and hydrogen-con-
taining gas (e.g., ammonia). In some embodiments, forma-
tion of a pre-clean material can include first introducing into
a reaction chamber a combination of a carrier gas and a
halogen-containing gas activated by a remote plasma source,
then sequential flow of unactivated halogen-containing gas
followed by unactivated hydrogen-containing gas.

In some embodiments, one or more processes can be used
for gas removal from the reaction chamber (e.g., removal of
an existing reaction chamber atmosphere, which may
include excess reactant gas and/or gaseous reaction byprod-
ucts). In some embodiments, one or more gas removal
processes can be used between flows of constituents of the
reactant gas into the reaction chamber. For example, the
reaction chamber may be evacuated and/or purged. Various
inert gases may be used in the purge process, including for
example nitrogen (N,), helium (He), and/or argon (Ar). In
some embodiments, unactivated inert gas can be used in the
purge process (e.g., unactivated N,, He, and/or Ar).

A sequence of gas flow in a pre-clean process can include,
for example, first introducing into the reaction chamber a
combination of a carrier gas (e.g., argon) and a halogen-



US 9,474,163 B2

9
containing gas (e.g., hydrogen fluoride, diatomic fluorine,
and/or nitrogen trifluoride) activated by a remote plasma
source, followed by a gas removal process, and then fol-
lowed by flow into the reaction chamber of a combination of
unactivated halogen-containing gas (e.g., hydrogen fluoride)
and hydrogen-containing gas (e.g., ammonia).

In some embodiments, a gas removal process can be used
prior to starting the flow of reactant gas and/or subsequent
to stopping the flow of reactant gas into the reaction cham-
ber. In some embodiments, one or more purge processes can
be performed prior to starting flow of reactant gas into the
reaction chamber and/or subsequent to stopping flow of
reactant gas into the reaction chamber. For example, one or
more inert gases (e.g., argon, including unactivated argon)
can be flowed into the reaction chamber prior to starting flow
of reactant gas and, in some embodiments, subsequent to
stopping the flow of the reactant gas into the reaction
chamber. An example of a sequence of gas flow can include,
for example, performing a first reaction chamber purge
process including flowing into the reaction chamber one or
more inert gases, then introducing constituents of the reac-
tant gas into the reaction chamber. After stopping the flow of
constituents of the reactant gas, a second purge process can
be performed, where the second purge process includes
flowing into the reaction chamber one or more inert gases for
purging the reaction chamber of excess constituents of the
reactant gas and/or gaseous reaction byproducts.

In some embodiments, one or more inert gases of a purge
process can be flowed through the remote plasma unit prior
to being introduced into the reaction chamber. The one or
more inert gases of the purge process may not be plasma
activated within the remote plasma unit (e.g., flow of the one
or more inert gases through the remote plasma unit may
occur while the plasma is not ignited within the remote
plasma unit). For example, the one or more inert gases may
be used to purge the remote plasma unit and/or for subse-
quently igniting the plasma in the remote plasma unit. For
example, after flowing an inert gas through the remote
plasma unit for a desired duration of time while the plasma
is not ignited, flow of the inert gas through the remote
plasma unit may be continued such that plasma within the
remote plasma unit can be ignited with that inert gas flowing
through the remote plasma unit.

In some embodiments, one or more constituents of the
pre-clean material reactant gas can be maintained at a
desired temperature when introduced into the reaction cham-
ber. For example, one or more of the carrier gas, the
halogen-containing gas, and the hydrogen-containing gas
may be heated prior to being introduced into the reaction
chamber for forming the pre-clean material. In some
embodiments, the hydrogen-containing gas is heated. For
example, the hydrogen-containing gas may be heated to a
temperature of about 30° C. to about 120° C., including
about 80° C. to about 115° C., about 70° C. to about 110° C.,
about 70° C. to about 105° C., and about 70° C. to about
100° C. Pre-heating may advantageously facilitate improved
pre-clean process performance, for example facilitating for-
mation of the pre-clean material. In some embodiments, a
substrate surface pre-clean process can include a pre-heated
ammonia gas, the ammonia gas being heated to a tempera-
ture of about 80° C. to about 115° C. One or more other
constituents of the reactant gas may also be pre-heated.

It has been found that the ratio of the various pre-clean
material reactant gases in the pre-clean process can impact
selectivity in the removal of the silicon oxide material with
respect to silicon nitride. In some embodiments, a pre-clean
material reactant gas can have a molar ratio of a halogen-
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containing gas to a hydrogen-containing gas of about 3:1 to
about 10:1. In some embodiments, the molar ratio can be
about 4:1 to about 10:1, including about 5:1 to about 10:1.
For example, the pre-clean material reactant gas can have a
molar ratio of ammonia to nitrogen trifluoride, hydrogen
fluoride and/or fluorine gas of about 4.5:1. In some embodi-
ments, a molar ratio of ammonia activated by a remote
plasma source to unactivated nitrogen trifluoride pre-heated
in its transfer tube can be about 3:1. Advantageously, such
ratios can provide high levels of selectivity for removing the
oxide material relative to silicon nitride.

Referring again to FIG. 1, a portion of the pre-clean
material formed on the substrate surface, such as a portion
of the halogen-containing pre-clean material, can be subli-
mated (e.g., block 106 of FIG. 1). For example, a first
portion of the pre-clean material may be sublimated to
remove a first portion of the oxide material from the sub-
strate surface. Pre-clean material may be removed (e.g.,
decomposed and/or volatilized) using various techniques. In
some embodiments, the pre-clean material can be removed
by heating the substrate so as to volatize one or more
components of the pre-clean material. In some embodi-
ments, the substrate can be heated by initiating or increasing
heating power provided to the substrate so as to ramp up a
temperature of the substrate to or above a sublimation
temperature of one or more components of the pre-clean
material.

As described herein, a pre-clean material formed on a
surface oxide material comprising silicon and germanium
may comprise different compounds, depending on the mate-
rials present on the substrate surface. For example, ammo-
nium hexafluorosilicate ((NH,),SiF;) and ammonium
hexafluorogermanate ((NH,),GeF,) may be present. In
some embodiments, a pre-clean material comprising ammo-
nium hexafluorosilicate ((NH,),SiF;) and ammonium
hexafluorogermanate ((NH,),GeF;) can be decomposed
and/or volatilized by heating the substrate, for example
decomposing to form silicon tetrafluoride (SiF,), germa-
nium tetrafluoride (GeF,), ammonia (NH;) and/or hydrogen
fluoride (HF). Ammonium hexafluorogermanate (NH,),
GeF, can have a higher sublimation temperature than ammo-
nium hexafluorosilicate (NH,),SiF, resulting in the pre-
clean material sublimating at two separate times; for
example, the substrate may be heated such that the portion
of the pre-clean material comprising the (NH,),SiF subli-
mates prior to the portion of the pre-clean material com-
prising (NH,),GeF,. In some embodiments, (NH,),SiF
may be volatized at temperatures greater than about 80° C.,
including about 100° C. to about 150° C., or about 120° C.,
while (NH,),GeF; may be volatized at temperatures of
greater than about 300° C., including about 350° C. to about
400° C., or about 380° C. Consequently, at block 106,
sublimating the portion of the pre-clean material may com-
prise sublimating the portion of the pre-clean material
comprising (NH,),SiF,, substantially without sublimating
(NH,),GeF.

Without being limited by any particular theory or mode of
operation, sublimating (NH,),SiF; may complete the
removal of silicon oxide on the substrate surface, thereby
exposing pre-cleaned silicon on the substrate surface. In
some embodiments, the exposed silicon may be pure (e.g.,
crystalline) silicon.

It has been found that the exposed silicon may be con-
taminated by the remaining halogen and germanium-con-
taining pre-clean material. For example, without being lim-
ited by particular theory or mode of operation, the exposed
silicon may be contaminated and/or re-oxidized due to
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remaining (NH,),GeF s on the substrate surface, for example
due to reaction byproducts generated when (NH,),GeF is
subsequently volatized by heating the substrate to a tem-
perature higher than the sublimation temperature of (NH,),
GeF . For example, one or more components of the byprod-
ucts generated by volatizing the portion of the pre-clean
material comprising (NH,),GeF, may redeposit on the
exposed silicon, producing undesired surface contaminants
and/or re-oxidizing the exposed silicon, thereby undesirably
reducing the quality of the substrate surface.

With continued reference to FIG. 1, a passivation material
can be formed on the substrate surface (e.g., block 108 of
FIG. 1), particularly the portions of the surface with exposed
silicon. Preferably, the passivation film directly contacts the
exposed silicon. Without being limited by any particular
theory or mode of operation, the passivation film may adsorb
and/or adhere to the exposed silicon, blocking the exposed
silicon from one or more byproducts generated during
volatizing of the portion of the halogen and germanium-
containing pre-clean material (e.g., (NH,),GeF,). For
example, the passivation film may provide a protective
barrier for the silicon during sublimation of the portion of
the halogen and germanium-containing pre-clean material,
so as to avoid or reduce contamination and/or re-oxidation
of the silicon by byproducts generated during the sublima-
tion. As discussed herein, the passivation film may be
formed of chlorine.

The passivation film can be formed over the silicon by
exposing the substrate to a passivation film reactant gas. In
some embodiments, a chlorine-containing passivation film
can be formed on the substrate surface by supplying chlo-
rine-containing gas (e.g., unactivated chlorine-containing
gas) into the reaction chamber during heating of the sub-
strate (e.g., during ramping up of a temperature of the
substrate after formation of the halogen-containing pre-
clean material).

The passivation film reactant gas may comprise one or
more components which can form a desired passivation film
over silicon. In some embodiments, the one or more com-
ponents of the passivation film reactant gas may form a
desired protective barrier on the exposed silicon under
process conditions present during sublimation of the pre-
clean material, without undesirably etching the substrate
(e.g., without undesirably etching the exposed silicon on the
substrate surface). In some embodiments, the passivation
film reactant gas can have desired reactivity toward the
exposed silicon such that a passivation film can be formed
to protect the exposed silicon, while providing a film which
can be subsequently removed from the substrate surface
with desired ease without damaging the substrate surface.
For example, the formed passivation film can be removed
from the substrate surface without having to heat the sub-
strate to a temperature which can adversely affect one or
more characteristics of the substrate surface.

In some embodiments, the gas for forming the passivation
film can comprise chlorine (Cl,) gas. In some other embodi-
ments, chlorine-containing gas can comprise hydrogen chlo-
ride (HCl). In some embodiments, the chlorine-containing
reactant gas can comprise dichlorosilane (DCS). In some
embodiments, the chlorine-containing gas is a mixture of
gases comprising Cl,, HCI and/or DCS. For example, the
chlorine-containing gas may comprise a mixture of HCI and
DCS. In some embodiments, a flow rate of one or more
components of the chlorine-containing gas can be selected
such that a desired passivation film can be formed. For
example, a chlorine-containing gas comprising a mixture of
DSC and HCI can have a flow rate of DCS to HCI at a
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volumetric ratio of about 1:2 to about 1:5. For example, flow
of the chlorine-containing gas into a reaction chamber may
comprise about 100 standard cubic centimeter per minute
(scem) of DCS and about 200 scem of HCL.

In some embodiments, supply of the passivation film
reactant gas can begin prior to sublimation of a first portion
of' the pre-clean material. For example, supply of a chlorine-
containing gas to the reaction chamber can begin prior to
sublimation of the portion of the halogen and silicon-
containing pre-clean material (e.g., (NH,),SiF,) such that a
passivation film can form over the exposed silicon surface as
the silicon is exposed. For example, flow of the chlorine-
containing gas to the reaction chamber can be started prior
to the substrate reaching a temperature of greater than about
80° C., including about 100° C. to about 150° C., or about
120° C. In some other embodiments, flow of chlorine-
containing gas to the reaction chamber can begin as the
substrate reaches, or immediately after the substrate reaches
the sublimation temperature of the halogen and silicon-
containing pre-clean material. For example, supply of the
chlorine-containing gas into the reaction chamber can begin
immediately or substantially immediately after the substrate
reaches a temperature of about 120° C. Initiating supply of
the chlorine-containing gas prior to significant sublimation
of the portion of the halogen and silicon-containing pre-
clean material may reduce exposure of silicon to any
byproducts present within the reaction chamber so as to
provide a desired protective barrier over the silicon as it
becomes exposed.

In some embodiments, the supply of the passivation film
reactant gas, such as the chlorine-containing gas, into the
reaction chamber begins after the substrate reaches the
sublimation temperature of the portion of the pre-clean
material comprising halogen and silicon ((NH,),SiF), and
before reaching the sublimation temperature of the portion
of the pre-clean material comprising halogen and germa-
nium (e.g., (NH,),GeF,). Advantageously, such timing for
the passivating gas can reduce the duration during which the
substrate is exposed to the gas, while providing passivation
of the exposed silicon before possible contamination due to
sublimation of the halogen and germanium-containing pre-
clean material, and while facilitating high throughput since
the passivation overlaps with another step (the temperature
ramp-up) in the pre-clean process.

In some embodiments, flow of the passivation film reac-
tant gas, such as the chlorine-containing gas, to the reaction
chamber can be initiated prior to significant exposure of the
exposed silicon to byproducts generated by the sublimation
of the halogen and germanium-containing pre-clean mate-
rial, so as to allow formation of a desired protective barrier
over the silicon to avoid or reduce undesired contamination
and/or re-oxidation of the silicon. For example, supply of
chlorine-containing gas to the reaction chamber may be
initiated immediately prior to the portion of the halogen and
germanium-containing pre-clean material begins to subli-
mate (e.g., prior to the heated substrate reaching the subli-
mation temperature of the portion of the pre-clean material
comprising (NH,),GeFy).

In some other embodiments, supply of the passivation
film reactant gas to the reaction chamber can be initiated as
the substrate reaches, or immediately after, the substrate
reaches the sublimation temperature of the portion of the
pre-clean material comprising (NH,),GeF,. For example,
flow of the chlorine-containing gas to the reaction chamber
can be started immediately or substantially immediately
prior to, during, or immediately subsequent to the substrate
reaching a temperature of about 350° C. to about 400° C.,
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including about 380° C. In some embodiments, supply of the
chlorine-containing gas to the reaction chamber can begin
immediately prior to the substrate reaching a temperature of
about 380° C. Initiating flow of the chlorine-containing gas
at such a time may reduce undesired exposure of the
substrate to the chlorine-containing gas while facilitating
formation of desired passivation film over the exposed
silicon.

In some embodiments, flow of the passivation film reac-
tant gas can be continued until the halogen and germanium-
containing pre-clean material has been removed from the
substrate surface. For example, flow of the chlorine-con-
taining gas into the reaction chamber can continue at least
until the substrate is heated to the sublimation temperature
of the halogen and germanium-containing pre-clean mate-
rial.

It will be appreciated that a passivation film reactant gas,
such as a chlorine-containing gas, can etch the substrate at
some temperatures. For example, flow of the chlorine-
containing gas can be stopped prior to the substrate reaching
a temperature beyond which the chlorine-containing gas
may etch one or more materials on the substrate surface
and/or the substrate temperature can be kept below the
temperature at which etching occurs. In some embodiments,
flow of the chlorine-containing gas can be stopped prior to
the substrate reaching a temperature of about 600° C.,
including about 500° C., or about 475° C., such that the
passivation film can form on the substrate without or sub-
stantially without etching the substrate. For example, flow of
a chlorine-containing gas may be stopped prior to the
substrate reaching a temperature of about 450° C. The
substrate temperature at which the flow of chlorine-contain-
ing gas is stopped to avoid or substantially avoid etching the
substrate may be selected based on the composition of the
chlorine-containing gas. In some embodiments, flow of a
chlorine-containing gas comprising chlorine gas (Cl,) may
be stopped prior to the substrate reaching a temperature of
about 500° C. In some other embodiments, flow of a
chlorine-containing gas comprising dichlorosilane (DCS)
and/or hydrogen chloride (HC1) may be stopped prior to the
substrate reaching a temperature of about 600° C.

In some embodiments, the substrate is exposed to the
passivation film reactant gas during the entire or substan-
tially entire period in which the substrate is heated for
sublimating the pre-clean material. For example, the chlo-
rine-containing gas may be supplied into the reaction cham-
ber once heating is started or increased for sublimating the
pre-clean material, and is flowed until after all or substan-
tially all of the pre-clean material has been sublimated from
the substrate surface, with the substrate temperature prefer-
ably remaining below about 500° C. or about 600° C.

Referring again to FIG. 1, a remaining portion of the
pre-clean material may be sublimated from the substrate
surface (e.g., block 110 of FIG. 1), for example after a
desired passivation film (e.g., a chlorine-containing passi-
vation film) has formed on the substrate surface. As dis-
cussed herein, the remaining portion of the pre-clean mate-
rial may comprise (NH,),GeF,. In some embodiments, the
temperature of the substrate can be ramped up from its
temperature during block 106 to a temperature of about 350°
C. to about 400° C., including about 380° C., to sublimate
the remaining portion of the pre-clean material comprising
the halogen and germanium-containing pre-clean material.

In some embodiments, the substrate can be heated to a
temperature higher than the sublimation temperature of the
portion of the pre-clean material comprising (NH,),GeF,,
such that both the pre-clean material and the passivation film
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can be removed or substantially removed from the substrate
surface to provide a pre-cleaned substrate surface. For
example, the passivation film is removed during sublimation
of the remaining portion of the pre-clean material. As
described herein, the passivation film may comprise a chlo-
rine-containing passivation film. In some embodiments, the
substrate can be heated to a temperature beyond which the
chlorine-containing passivation film can become an etchant
of one or more materials on the substrate surface, for
example silicon. In some embodiments, the substrate can be
heated to a temperature less than about 500° C., or less than
about 600° C., including about 400° C. to about 500° C.,
including about 425° C. to about 475° C.

Other approaches for providing energy to the pre-clean
material to cause removal of that material and/or to the
passivation film to cause removal of that film are also
contemplated. In some embodiments, the pre-clean material
and/or the passivation film can be exposed to gas species
activated by a remote plasma source. In some embodiments,
the species activated by the remote plasma source can
interact with one or more components of the pre-clean
material and/or the passivation film to form volatile species
which can, for example, be removed from the substrate
surface. In some embodiments, the gas species can be an
inert gas species (e.g., Ar, N,, He, etc.).

In some embodiments, a pre-clean material and/or the
passivation film can be exposed to heated gas (e.g., heated
inert gas) to facilitate removal of the pre-clean material
and/or the passivation film. The gas can be heated to a
temperature sufficient to heat the pre-clean material and/or
the passivation film to a temperature that causes at least part
of the pre-clean material and/or the passivation film to enter
the vapor phase. For example, the temperature may be
greater than about 80° C., about 100° C., about 120° C.,
about 150° C., about 350° C., 380° C., 400° C. or about 450°
C.

In some embodiments, a pre-clean material can be
exposed to ultra-violet (UV) and/or infrared (IR) radiation to
facilitate removal of the pre-clean material. In some embodi-
ments, the passivation film can be exposed to ultra-violet
(UV) and/or infrared (IR) radiation to facilitate removal of
the film. For example, the UV and/or IR radiation can
provide energy that causes at least part of the pre-clean
material and/or the passivation film to enter the vapor phase.

In some embodiments, exposing the pre-clean material to
gas species activated by a remote plasma source, heated
reactant gas, and/or ultra-violet radiation, can reduce the
moisture content of the reaction chamber. Advantageously,
the reduced moisture content can promote the removal of
silicon and/or germanium oxide, since the pre-clean process
can generate H,O.

In some embodiments, removal of the pre-clean material
can be performed during transfer of the substrate from a first
reaction chamber (e.g., a reaction chamber in which the
pre-clean material is formed) to a second different reaction
chamber (e.g., a reaction chamber in which subsequent
processing is performed, such as formation of a target
material on the substrate). For example, a pre-clean material
may be exposed to ultra-violet radiation and/or infrared
radiation while being transferred from the first reaction
chamber to the second reaction chamber.

In some embodiments, one or more processes described
herein may be applicable to a germanium substrate. For
example, a germanium-containing oxide material on a sub-
strate surface comprising germanium can be removed using
one or more processes described herein. A halogen and
germanium-containing pre-clean material may be formed on
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the substrate from the germanium-containing oxide material
by exposing the germanium-containing oxide material to a
halogen-containing reactant gas while the germanium sub-
strate is maintained at a temperature of about 15° C. to about
30° C. The halogen and germanium-containing pre-clean
material may be subsequently removed from the substrate
surface, thereby removing the germanium-containing oxide
material to provide a pre-cleaned substrate surface, by
heating the substrate to a temperature of about 320° C. to
about 500° C., about 350° C. to about 500° C., including
about 350° C. to about 400° C., or about 380° C.

As shown in FIG. 1, the substrate surface pre-clean
process 100 can include a plurality of cycles 112. In some
embodiments, a pre-clean process 100 comprising a plural-
ity of cycles 112 can facilitate desired removal of a surface
oxide material while maintaining a desirably low number of
defects. Without being limited by any particular theory or
mode of operation, as feature sizes continue to shrink,
formation of the pre-clean material on the surface of the
substrate may contribute to clogging of the features (e.g.,
clogging of trench features), thereby hindering subsequent
sublimation of the pre-clean material and/or removal of the
oxide material from within the clogged features. As feature
sizes continue to shrink and aspect ratios increase, the upper
surfaces of features may experience over exposure to the
pre-clean chemistry during pre-clean processes to achieve
desired oxide removal within the features (e.g., at trench
bottom portions). Removing the oxide material by perform-
ing a pre-clean process comprising a plurality of cycles of
depositing and sublimating pre-clean material (e.g., each
cycle having a shorter duration) may facilitate desired
removal of the oxide material while reducing clogging of
substrate surface features and/or reducing over exposure of
feature upper surfaces to the pre-clean chemistry (e.g., as
compared to a pre-clean process comprising the single
longer cycle).

It has been found that the selectivity of a first cycle 112
of'a pre-clean process 100 can be significantly different from
the selectivity of a subsequent cycle 112 of the pre-clean
process 100 (e.g., the selectivity of removal of substrate
surface oxide, such as a surface oxide comprising both
silicon and germanium, relative to another material on the
substrate surface, such as silicon nitride material). In some
embodiments, the subsequent cycle 112 of the pre-clean
process 100 can advantageously demonstrate significantly
higher selectivity compared to the first cycle 112 of the
pre-clean process 100. In some embodiments, a second cycle
112 of a pre-clean process 100 can demonstrate selective
removal of the substrate surface oxide material relative to a
silicon nitride on the substrate surface at a selectivity of
about 10:1 to about 150:1, about 30:1 to about 150:1, about
60:1 to about 150:1, about 10:1 to about 100:1, or about 60:1
to about 100:1. A pre-clean process 100 including a larger
number of cycles 112 may facilitate even higher selectivity
performance.

One or more of the plurality of cycles 112 of the pre-clean
process 100 can be performed according to one or more
processes described herein. For example, a pre-clean mate-
rial reactant gas (e.g., concentration of various constituents
of the reactant gas, activation and/or pre-heating of one or
more constituents of the reactant gas), a passivation film
reactant gas (e.g., a chlorine-containing gas, such as a
composition of the chlorine-containing gas), and/or one or
more process parameters (e.g., a substrate temperature dur-
ing formation and/or sublimation of a pre-clean material, a
duration of exposure of the substrate to the passivation film
reactant gas) of a cycle 112 can be selected as described
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herein. In some embodiments, a pre-clean material reactant
gas, passivation film reactant gas, and/or one or more
process parameters of a cycle 112 can be the same as or
different from that of another cycle 112 in the pre-clean
process 100. For example, the pre-clean process 100 may
include a plurality of cycles 112 having similar or identical
process conditions.

In some embodiments, the pre-clean process can include
about 2 to about 20 cycles, including about 2 to about 10
cycles. In some embodiments, the pre-clean process can
include about 2 to about 5 cycles. In some other embodi-
ments, the pre-clean process includes a single cycle.

In some embodiments, a number of cycles of the pre-clean
process can be selected based on an oxide material removal
rate per cycle. In some embodiments, a cycle of a pre-clean
process can remove about 3 angstroms (A) to about 20 A of
the oxide material. In some embodiments, a cycle of the
pre-clean process can remove about 3 A to about 15 A of the
oxide material, or about 3 A to about 10 A of the oxide
material.

In some embodiments, one or more cycles 112, or a
portion of a cycle (e.g., one or more of blocks 104, 106, 108,
and 110 of FIG. 1), of a substrate surface pre-clean process
100 can be performed in a first reaction chamber. In some
embodiments, one or more other cycles 112, or a portion of
a cycle can be performed in one or more different reaction
chambers. For example, a substrate may be transferred from
a first reaction chamber to a second reaction chamber after
performing one or more cycles 112 of the pre-clean process
100 in the first reaction chamber, or after performing a
portion of a cycle 112 of the pre-clean process 100 in the first
reaction chamber, such that a final removal of a pre-clean
material in a final cycle 112 of the pre-clean process 100 is
performed in a reaction chamber other than the first reaction
chamber. In some embodiments, all cycles 112 of a pre-clean
process 100 can be performed in the same reaction chamber.

In some embodiments, formation of a target material (e.g.,
an epitaxial layer comprising mono-crystalline silicon) on a
pre-cleaned substrate surface can be performed in the same
reaction chamber in which removal of a final pre-clean
material is performed. In some embodiments, a pre-clean
material can be deposited on the substrate in a first reaction
chamber, followed by transfer of the substrate from the first
reaction chamber to a second reaction chamber in which the
pre-clean material is removed and a target material is
deposited. For example, sublimation of a first portion of the
pre-clean material, formation of the passivation film and
removal of a second portion of the pre-clean material and the
passivation film can be performed in the second reaction
chamber. In some embodiments, a temperature at or around
which flow of chlorine-containing gas into the second reac-
tion chamber is initiated for forming chlorine-containing
passivation film can be selected as described herein. For
example, flow of the chlorine-containing gas may begin
once the substrate is placed in the second reaction chamber,
after heating the substrate in the second reaction chamber to
a temperature at or around the sublimation temperature of
the halogen and silicon-containing pre-clean material, or
after heating the substrate in the second reaction chamber to
a temperature between the sublimation temperature of the
halogen and silicon-containing pre-clean material and the
sublimation temperature of the halogen and germanium-
containing pre-clean material. In some embodiments, the
flow of the chlorine-containing gas to the second reaction
chamber can continue until desired sublimation of the halo-
gen and germanium-containing pre-clean material is com-
plete.
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FIG. 2 shows an embodiment of an apparatus 500 which
can be used for performing at least a portion of a substrate
surface pre-clean process as described herein. The apparatus
500 may be configured for formation and/or removal of a
pre-clean material, including formation and/or removal of a
pre-clean material to facilitate removal of an oxide material
(e.g., an oxide comprising both silicon and germanium)
from the substrate surface. The apparatus 500 may include
a reaction chamber 502 in fluid communication with a
remote plasma unit 504, for example through a transfer tube
506. In some embodiments, the transfer tube 506 can be
configured to deliver a pre-clean material reactant gas and/or
a passivation film reactant gas (e.g., a chlorine-containing
gas) into the reaction chamber 502 (e.g., a pre-clean material
reactant gas comprising ammonia gas, fluorine-containing
gas, and/or a carrier gas). For example, the transfer tube 506
may introduce pre-clean material reactant gas and/or passi-
vation film reactant gas into the reaction chamber 502 via a
reaction chamber gas inlet 508 located at a distal portion of
the transfer tube 506. In some embodiments, the remote
plasma unit 504 may include a gas inlet 510 configured to
allow flow of constituents of the pre-clean material reactant
gas through the remote plasma unit 504 such that the
constituents of the pre-clean material reactant gas can be
activated by the plasma unit 504. In some embodiments, the
passivation film reactant gas can be introduced into the
reaction chamber 502 other than through the transfer tube
506. For example, the passivation film reactant gas may be
introduced into the reaction chamber 502 via a gas inlet
different from that through which the pre-clean material
reactant gas is introduced into the reaction chamber 502. In
some embodiments, the passivation film reactant gas can be
introduced into the reaction chamber 502 via an inlet posi-
tioned proximate to the showerhead 518 (e.g., above the
showerhead 518).

In some embodiments, the transfer tube 506 can include
a transfer tube gas inlet 512 configured to allow introduction
into the reaction chamber 502 of one or more constituents of
the pre-clean material reactant gas which is not activated by
the remote plasma unit 504 and the passivation film reactant
gas. As shown in FIG. 5, the transfer tube gas inlet 512 may
be located proximate to the reaction chamber gas inlet 508.
In some embodiments, the transfer tube gas inlet 512 may be
positioned at another location on the transfer tube 506. In
some embodiments, at least a portion of the transfer tube 506
can be maintained at a desired temperature. For example, a
portion of the transfer tube 506 may be heated (e.g., to a
temperature of about 80° C. to about 115° C.), including the
portion of the transfer tube 506 adjacent to and/or surround-
ing the portion between the transfer tube gas inlet 512 and
the reaction chamber gas inlet 508. For example, at least the
portion of the transfer tube 506 between the transfer tube
inlet 512 and the reaction chamber gas inlet 508 may be
heated to a desired temperature. In some embodiments, the
entire length or substantially the entire length of the transfer
tube 506 is maintained at a desired temperature (e.g., heated
to a temperature of about 30° C. to about 120° C.). A
temperature to which the transfer tube 506 is heated can be
selected based on a variety of factors. In some embodiments,
at least a portion of the transfer tube 506 can be maintained
at a desired temperature by using a heater jacket (e.g.,
covering at least a portion of an exterior surface of the
transfer tube 506 with a heater jacket) and/or a material
coating (e.g., coating at least a portion of an exterior surface
of the transfer tube 506 with the material coating, such as a
material coating comprising alumina, including pyrolytic
alumina). In some embodiments, a temperature of the trans-
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fer tube 506 can be monitored using one or more thermo-
couples placed at one or more locations along the transfer
tube 506. Temperature along a heated portion of the transfer
tube 506 may or may not be uniform. In some embodiments,
a temperature along the heated portion of the transfer tube
506 can be maintained at one or substantially one desired
temperature. In some embodiments, a temperature of one
heated portion of the transfer tube 506 may be significantly
different from that of another heated portion of the transfer
tube 506.

In some embodiments, the reaction chamber 502 can
include a susceptor 514 for receiving a substrate 516 (e.g.,
a wafer). In some embodiments, the reaction chamber 502
can include a showerhead 518 (e.g., a gas distribution plate)
positioned downstream of a reactant gas inlet of the reaction
chamber 502. The shower head 518 may be configured to
facilitate improved uniformity in the distribution of gas
species over the substrate 516 positioned in the reaction
chamber 502. The substrate 516 may be raised from and/or
lowered back onto the susceptor 514 such that the substrate
516 can be positioned at one or more elevated positions
(e.g., relative to a position at which the substrate 516 is
received by the susceptor 514). For example, the shower-
head 512 can be positioned over and opposite the susceptor
514 such that the substrate 516 to can be raised from
susceptor 514 to provide a desired separation distance
between the substrate 516 and the showerhead 518.

In some embodiments, a carrier gas (e.g., argon), and a
fluorine-containing gas (e.g., nitrogen trifluoride), from car-
rier gas and fluorine-containing gas sources, respectively
(not shown), can be introduced into the remote plasma unit
504 via the remote plasma unit gas inlet 510 for activation
by the remote plasma unit 504. The carrier gas and the
fluorine-containing gas activated by the remote plasma unit
504 can flow through the remote plasma unit 504 and to the
reaction chamber 502 through the transfer tube 506. In some
embodiments, one or more constituents of the pre-clean
material reactant gas not activated by the remote plasma unit
504, including for example, a hydrogen-containing gas such
as ammonia from an ammonia source (not shown), can be
introduced downstream of the remote plasma unit 504 at a
position along the transfer tube 506 via a transfer tube gas
inlet 512. In some embodiments, the passivation film reac-
tant gas can be introduced downstream of the remote plasma
unit 504 at a position along the transfer tube 506 via a
transfer tube gas inlet 512. Portions of the transfer tube
proximate to the transfer tube gas inlet 512 and/or the
transfer tube gas inlet 512 itself may be heated such that one
or more of the unactivated constituents of the pre-clean
material reactant gas, such as unactivated ammonia, can be
delivered into the reaction chamber 502 at a desired tem-
perature.

In some embodiments, the substrate surface can be
exposed to the activated reactant species and the unactivated
reactant species of the pre-clean material reactant gas simul-
taneously or substantially simultaneously, for example com-
bining the activated reactant species and the unactivated
reactant species prior to delivery into the reaction chamber,
such as prior to delivery through the reaction chamber gas
inlet 508. In some embodiments, the substrate surface can be
sequentially exposed to the activated reactant species and/or
the unactivated reactant species. For example, the substrate
surface may be first exposed to activated reactant species
(e.g., activated by a remote plasma unit) of one or more
constituents of the pre-clean material reactant gas, followed
by exposure to a second activated or unactivated reactant
species (e.g., unactivated by a remote plasma unit) of
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another of the one or more constituents of the pre-clean
material reactant gas. In some embodiments, the substrate
surface can be first exposed to unactivated reactant species
followed by exposure to activated reactant species. The
sequence of exposure can be selected to provide desired
pre-clean process performance. For example, a substrate
surface can be first exposed to carrier gas and fluorine-
containing gas activated by a remote plasma unit, followed
by exposure to a combination of unactivated hydrogen-
containing gas (e.g., ammonia) and fluorine-containing gas,
or by exposure first to unactivated hydrogen-containing gas
and then to unactivated fluorine-containing gas.

The passivation film reactant gas and/or the reactant
species of the pre-clean material reactant gas can be distrib-
uted over the substrate 516 maintained on the susceptor 514
by flowing the passivation film reactant gas and/or the
reactant species through the showerhead 518. In some
embodiments, the substrate 516 can be raised from the
susceptor 514 to a desired position during at least a portion
of'the pre-clean process. In some embodiments, the substrate
516 may be at an elevated position during at least a portion
of a pre-clean material formation process and/or at least a
portion of a pre-clean material removal process (e.g., during
a process for sublimating the pre-clean material). In some
embodiments, the substrate 516 remains stationary or sub-
stantially stationary on the susceptor 514.

The reaction chamber 502 may or may not be part of a
multi-chamber processing system, such that a substrate
processed by reaction chamber 502 may be transferred to a
second reaction chamber without or substantially without
being exposed to ambient air. For example, the reaction
chamber 502 may be a part of a cluster tool system.

An example sequence of a pre-clean process can include
providing into a first reaction chamber (e.g., the reaction
chamber 502 described with reference to FIG. 2) a substrate
having a surface to be cleaned. The substrate can be main-
tained at a temperature of about 15° C. to about 30° C.
within the first reaction chamber. For example, the substrate
can be maintained at a temperature of about 18° C. A first
purge process can be performed prior to starting flow of
pre-clean material reactant gas into the first reaction cham-
ber. For example, unactivated argon gas can be flowed into
the first reaction chamber, after the substrate is provided
within the first reaction chamber, and prior to starting flow
of pre-clean material reactant gas. The unactivated argon gas
may be flowed through the remote plasma unit prior to
introducing the unactivated argon gas into the first reaction
chamber. For example, the unactivated argon gas may be
flowed through the remote plasma unit while no plasma is
ignited in the remote plasma unit. Once desired purging of
the first reaction chamber is completed, an unactivated
hydrogen-containing gas (e.g., unactivated ammonia (NH,))
may be introduced into the first reaction chamber. The
unactivated hydrogen-containing gas can be not pre-heated
prior to being introduced into the first reaction chamber
(e.g., unactivated NH, introduced into the first reaction
chamber can be not pre-heated). Subsequently, plasma
within the remote plasma unit can be ignited with the argon
gas flowing through that unit and into the first reaction
chamber. A halogen-containing gas, such as nitrogen trif-
luoride (NF,), can subsequently be activated by the remote
plasma unit by flowing the halogen-containing gas through
the remote plasma unit and into the reaction chamber. After
a desired formation of a substrate surface pre-clean material,
the flow of pre-clean material reactant gas may be stopped
and the plasma in the remote plasma unit may be turned off.
A second purge process can be performed after stopping
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flow of the pre-clean material reactant gas. For example,
unactivated argon gas can be flowed into the reaction
chamber in the second purge process. The unactivated argon
gas may be flowed through the remote plasma unit during
the second purge process prior to being introduced into the
first reaction chamber.

The substrate may be subsequently transferred to a second
reaction chamber such that the pre-clean material may be
removed from the substrate within the second reaction
chamber. For example, the substrate having the pre-clean
formed thereon can be transferred to an epitaxial deposition
chamber. As described herein the pre-clean material may be
removed through a sublimation process. A chlorine-contain-
ing passivation film may be formed on the substrate during
sublimation of the pre-clean material, for example over
portions of the substrate exposed as the pre-clean material is
sublimated. Flow of chlorine-containing gas into the second
reaction chamber for forming the passivation film may be
initiated when initiating heating power or increasing heating
power supplied to the substrate for sublimating the pre-clean
material such that the substrate is exposed to the chlorine-
containing gas to form the chlorine-containing passivation
film during ramping up of the substrate temperature. Heating
of the substrate may be performed in preparation for an
epitaxial deposition process. For example, exposure of the
substrate to the chlorine-containing gas can occur during
heating of the substrate to a temperature of about 350° C. to
about 600° C., in preparation for a subsequent deposition
process, and while sublimating the pre-clean material. In
some embodiments, the substrate can be exposed to the
chlorine-containing gas while being heated to a temperature
of about 400° C. to about 500° C. Flow of chlorine-
containing gas to the reaction chamber may be stopped when
desired sublimation of the pre-clean material is completed
(e.g., after the substrate reaches a temperature of about 350°
C. to about 600° C.). As described herein, the chlorine-
containing passivation film can be removed during the
sublimation process for removing the portion of the pre-
clean material comprising the halogen and germanium, such
that a pre-cleaned surface is provided after heating the
substrate to a temperature of about 350° C. to about 600° C.
In some embodiments, a target material comprising an
epitaxial material layer can be formed on the pre-cleaned
substrate surface in the second reaction chamber.

In some embodiments, a pre-clean process having such a
sequence can advantageously facilitate achieving high selec-
tivity (e.g., the selectivity of removal of substrate surface
oxide relative to another material on the substrate surface,
such as silicon nitride material), including a selectivity of
about 14:1. In some embodiments, a pre-clean process
having such a sequence can advantageously facilitate
achieving improved selectivity as described herein.

FIG. 3 shows a graph 300 which compares interfacial
oxygen content, expressed in atoms per square centimeter
(at/cm?®), of different substrates. The substrates included
silicon and the germanium oxides, which were subjected to
a pre-clean oxide material process. The presence of interfa-
cial oxygen is understood to indicate the presence of con-
taminants on the substrate surface. The interfacial oxygen
content for each substrate was measured after the substrate
had been exposed to the respective oxide removal process,
and was measured using the Secondary lon Mass Spectros-
copy (SIMS) technique. The same pre-clean process (includ-
ing deposition of a halogen-containing pre-clean material,
sublimation of halogen and silicon-containing material, and
subsequent sublimation of halogen and germanium-contain-
ing material) was applied to all substrates, with the differ-
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ence being whether a passivation film was formed between
the sublimations of the different materials. The bar labeled
“baseline” corresponds to substrates that were subjected to
a pre-clean process which did not include formation of a
chlorine-containing passivation film. The bars labeled
“DCS/HCI” and “Cl,” correspond to substrates that were
exposed to a similar pre-clean process, but including for-
mation of a chlorine-containing passivation films using the
respectively labeled chlorine-containing gasses. In particu-
lar, dichlorosilane and hydrogen chloride, or chlorine gas
(Cl,), were supplied into the reaction chamber before sub-
limation of the halogen and germanium-containing material.

FIG. 3 shows that interfacial oxygen content for the
substrate exposed to the baseline process was significantly
higher than the interfacial oxygen content for either of the
substrates exposed to the pre-clean processes which
included formation of chlorine-containing passivation films.
Additionally, the substrates exposed to pre-clean processes
comprising DCS/HCI and Cl, demonstrated similar interfa-
cial oxygen content. For example, the substrate exposed to
the baseline process demonstrated an interfacial oxygen
content of about 5x10™? at/cm?, while the substrates pre-
cleaned using DCS/HC] and Cl, demonstrated an interfacial
oxygen content less than about 0.25x10"'? at/cm?.

FIG. 4 shows a graph 400 which compares surface
roughness, expressed in angstroms (A), of different sub-
strates processed as discussed above. The surface roughness
for each substrate was measured after the substrate had been
exposed to the respective oxide removal process, and was
measured using the Atomic Force Microscopy (AFM) tech-
nique. As discussed above, the substrate corresponding to
the surface roughness labeled “baseline” was subjected to a
pre-clean process which did not include formation of a
chlorine-containing passivation film. The substrates corre-
sponding to the surface roughness labeled “DCS/HCI” and
“Cl,” were exposed to pre-clean processes including forma-
tion of chlorine-containing passivation films using the
respectively labeled chlorine-containing gasses.

FIG. 4 shows that surface roughness for the substrates
exposed to pre-clean process including chlorine containing
passivation film advantageously showed significant reduc-
tion in surface roughness as compared to the substrate which
was subjected to an oxide removal process which did not
include a chlorine-containing passivation film. For example,
surface roughness for the substrate pre-cleaned using the
baseline process measured about 9 angstroms (A), while the
surface roughness for the substrates pre-cleaned using pro-
cesses comprising chlorine-containing passivation film was
about 2 A or less.

Although this disclosure has been provided in the context
of certain embodiments and examples, it will be understood
by those skilled in the art that the disclosure extends beyond
the specifically described embodiments to other alternative
embodiments and/or uses of the embodiments and obvious
modifications and equivalents thereof. For example, while
providing various advantages when applied to substrates
comprising both silicon and germanium, it will be appreci-
ated the pre-clean process disclosed herein may also be
applied to silicon substrates, without germanium, or to
germanium substrates, without silicon. For example, the
pre-clean process may be applied to a silicon or a germa-
nium substrate, respectively, where passivation of the sub-
strate is desired after removal of silicon oxide or germanium
oxide, respectively. In addition, while several variations of
the embodiments of the disclosure have been shown and
described in detail, other modifications, which are within the
scope of this disclosure, will be readily apparent to those of
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skill in the art based upon this disclosure. It is also contem-
plated that various combinations or sub-combinations of the
specific features and aspects of the embodiments may be
made and still fall within the scope of the disclosure. It
should be understood that various features and aspects of the
disclosed embodiments can be combined with, or substituted
for, one another in order to form varying modes of the
embodiments of the disclosure. Thus, it is intended that the
scope of the disclosure should not be limited by the par-
ticular embodiments described above.

The headings provided herein, if any, are for convenience
only and do not necessarily affect the scope or meaning of
the devices and methods disclosed herein.

What is claimed is:

1. A method for integrated circuit fabrication, comprising:

removing oxide material from a surface of a substrate,

wherein the surface comprises silicon and germanium,

and wherein removing the oxide material comprises:

depositing a halogen-containing pre-clean material on
the surface;

selectively sublimating a portion of the halogen-con-
taining pre-clean material disposed over the silicon
of the substrate to expose the silicon on the surface;
and

depositing a passivation material on the exposed sili-
con.

2. The method of claim 1, wherein sublimating the portion
of the halogen-containing pre-clean material comprises
heating the surface of the substrate to a temperature of 80°
C. to 150° C.

3. The method of claim 2, further comprising ramping up
a temperature of the surface of the substrate after depositing
the halogen-containing pre-clean material.

4. The method of claim 3, wherein the passivation mate-
rial comprises chlorine, and wherein depositing the passi-
vation material comprises exposing the substrate to a chlo-
rine-containing gas during the ramping up.

5. The method of claim 1, wherein depositing the halogen-
containing pre-clean material and sublimating the portion
removes silicon and oxygen-containing species from the
surface.

6. The method of claim 5, further comprising, after
depositing the passivation material, sublimating a remaining
portion of the halogen-containing pre-clean material to
remove germanium and oxygen-containing species from the
surface.

7. The method of claim 6, wherein:

sublimating the portion of the halogen-containing pre-

clean material comprises heating the surface of the
substrate to a temperature of 80° C. to 150° C.; and
sublimating the remaining portion of the halogen-contain-
ing pre-clean material comprises heating the surface of
the substrate to a temperature of 320° C. to 500° C.

8. The method of claim 1, wherein depositing the passi-
vation material comprises exposing the substrate to at least
one of chlorine gas, dichlorosilane, and hydrogen chloride.

9. The method of claim 8, further comprising exposing the
substrate to the at least one of the chlorine gas, dichlorosi-
lane, and hydrogen chloride during sublimating the portion
of the halogen-containing pre-clean material.

10. The method of claim 1, further comprising sublimat-
ing the passivation material.

11. The method of claim 10, wherein sublimating a
remaining portion of the halogen-containing pre-clean mate-
rial comprises sublimating the passivation material.
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12. The method of claim 10, wherein sublimating the
passivation material is performed at a pressure between 1
mTorr and 50 Torr.

13. The method of claim 1, wherein depositing the halo-
gen-containing pre-clean material comprises exposing the
substrate to a halogen-containing gas activated by the
remote plasma unit.

14. The method of claim 13, wherein the halogen-con-
taining gas comprises at least one of nitrogen trifluoride,
hydrogen fluoride, and diatomic fluorine.

15. The method of claim 13, wherein depositing the
halogen-containing pre-clean material further comprises
exposing the substrate to a hydrogen-containing gas.

16. The method of claim 15, wherein the hydrogen-
containing gas comprises ammonia.

17. The method of claim 15, wherein exposing the sub-
strate to the hydrogen-containing gas comprises:

flowing the hydrogen-containing gas through a transfer

tube prior to exposing the substrate to the hydrogen-
containing gas; and

heating at least a portion of the transfer tube to a tem-

perature of about 30° C. to about 120° C.

18. The method of claim 1, wherein the surface of the
substrate further comprises silicon nitride, and wherein
removing the oxide comprises selectively removing the
oxide material relative to the silicon nitride at a selectivity
of 7:1 to 20:1.

19. The method of claim 1, further comprising removing
a second oxide material from the surface of the substrate,
wherein removing the second oxide material comprises:

depositing a second halogen-containing pre-clean mate-

rial on the surface of the substrate;

sublimating a portion of the second halogen-containing

pre-clean material; and

depositing a second passivation material.

20. The method of claim 19, wherein the surface of the
substrate further comprises silicon nitride, and wherein
removing the second oxide comprises selectively removing
the second oxide material relative to the silicon nitride at a
selectivity of 20:1 to 100:1.

21. The method of claim 1, further comprising depositing
an epitaxial layer on the surface of the substrate subsequent
to removing the oxide material.

22. A method for integrated circuit fabrication, compris-
ing:

removing an oxide material from a surface of a substrate,

wherein the substrate comprises silicon and germa-

nium, and wherein removing the oxide material com-

prises:

depositing a chlorine-containing passivation material
on the silicon on the surface of the substrate; and

removing the chlorine-containing passivation material
substantially without etching the substrate.

23. The method of claim 22, wherein removing comprises
heating the chlorine-containing passivation material to a
temperature less than 600° C.

24. The method of claim 23, wherein the temperature is
higher than 380° C.
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25. The method of claim 22, wherein depositing the
chlorine-containing passivation material comprises expos-
ing the substrate to a chlorine-containing gas comprising at
least one of chlorine gas, dichlorosilane, and hydrogen
chloride.

26. The method of claim 22 further comprising depositing
a halogen-containing pre-clean material on the surface of the
substrate and sublimating a portion of the halogen-contain-
ing pre-clean material prior to depositing the chlorine-
containing passivation material.

27. The method of claim 26, wherein depositing the
halogen-containing pre-clean material comprises exposing
the substrate to a halogen-containing gas and a hydrogen-
containing gas.

28. The method of claim 26, wherein sublimating the
portion of the halogen-containing pre-clean material com-
prises heating the surface of the substrate to a temperature of
80° C. to 150° C.

29. The method of claim 28, further comprising subli-
mating a remaining portion of the halogen-containing pre-
clean material.

30. The method of claim 29, wherein sublimating the
remaining portion of the halogen-containing pre-clean mate-
rial comprises heating the surface of the substrate to a
temperature of 380° C. to 600° C.

31. The method of claim 29, wherein sublimating the
remaining portion comprises removing the chlorine-contain-
ing passivation film.

32. A method for integrated circuit fabrication, compris-
ing:

removing a germanium-containing oxide material from a

surface of a substrate, wherein the substrate comprises
silicon and germanium, wherein the surface of the
substrate comprises silicon-containing oxide material
over the silicon of the substrate and germanium-con-
taining oxide material over the germanium of the
substrate and wherein removing the germanium-con-
taining oxide material comprises:
forming a halogen and germanium-containing pre-
clean material from the germanium-containing oxide
material and forming a halogen and silicon-contain-
ing pre-clean material from the silicon-containing
oxide material;
selectively sublimating the halogen and silicon-con-
taining pre-clean material relative to the halogen and
germanium-containing pre-clean material; and
subsequently sublimating the halogen and germanium-
containing pre-clean material.

33. The method of claim 32, further comprising deposit-
ing a chlorine-containing passivation material prior to sub-
limating the halogen and germanium-containing pre-clean
material.

34. The method of claim 33, wherein depositing the
chlorine-containing passivation material comprises deposit-
ing the chlorine-containing passivation material on exposed
silicon on the surface.
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